local control has been demonstrated in hearts with no neural or humoral connections (7, 24) . Berne (6) has suggested that autoregulation of coronary blood flow may be mediated by adenosine. This hypothesis was based on the facts that adenosine is a potent coronary vasodilator (11) ; it crosses cellular membranes readily (20); it is produced in preference to 5'-IMP in the heart (15); it is deaminated rapidly in the coronary circulation to inosine (3), which has no dilatory action; and its degradation products are found in the perfusate of dinitrophenol-treated and hypoxic dog hearts ( 19) . Berne (6) has postulated that KANJI NAKATSU AND GEORGE I. DRUMMOND Department of Pharmacology, Faculty of Medicine, University of British Columbia, Vancouver 8, Canada in response to hypoxia decreased oxygen tension of the myocardial cell could lead to the breakdown of adenine nucleotides to produce adenosine. The nucleoside would diffuse through the interstitial fluid to resistance vessels to induce coronary dilation with resultant increased blood and oxygen supply to the myocardium; this would act as a feedback mechanism to reduce the formation of adenosine as oxygen tension returned to an adequate level. Although it has not been established unequivocally that adenosine mediates the regulation of coronary flow ( 1, ZZ), the formation of the nucleoside by the mammalian heart is well documented (15, 19, 26, 27 Partial Purijcation of 5'-Nucleo tidase
The enzyme was extracted from an acetone powder of rat hearts prepared as previously described (4). Acetone powder ( 1.5 g) was mixed with 10 ml of 50 mM Tris-HCl, pH 7.5 at 4 C, in a glass mortar until a smooth paste was obtained.
The paste was transferred to a Potter-Elvehjem homogenizer, 40 ml of buffer was added and the mixture was homogenized thoroughly.
The suspension was centrifuged at 30,000 X g for 10 min and the supernatant fluid was discarded.
The pellet was reextracted with an additional 50 ml of the above buffer and, after centrifugation as CARDIAC 5'-NUCLEOTIDASE before, the supernatant fluid was discarded. The pellet was then extracted 9 times with 50 ml of 50 mM Tris-HCl, pH 7.5, containing 2 M KBr, each clear supernatant being discarded after centrifugation at 30,000 X g. In order to remove remaining KBr, the pellet was extracted two more times with 50 ml of 50 mM Tris-HCl, pH 7.5. The pellet was then homogenized in 20 ml of 50 mM Tris-HCl, pH 7.5, containing 1% sodium deoxycholate. The suspension was stirred for 3 hr at 4 C and centrifuged at 30,000 X g for 10 min. The supernatant that contained the enzyme was set aside at 4 C. The pellet was extracted once more with 3 ml of 50 mM Tris-HCl, pH 7.5, and after centrifugation the two supernatants were combined. This extract was brought to 15 % saturation with respect to ammonium sulfate by the addition of an appropriate volume of a saturated solution of this salt. The mixture was centrifuged at 30,000 X g for 10 min and the clear supernatant was dialyzed against 30 volumes of 50 mM Tris-HCl, pH 7.5, for 3 hr with two changes of buffer. For experiments in which it was necessary to remove endogenous divalent cation the solution was brought to 10 mM EDTA prior to dialysis.
Histochemistry 5'-Nucleotidase was identified by the method of Wachstein and Meisel(3 1), which depends on fixation of liberated inorganic phosphate as the lead salt. Fresh tissue was frozen and cut into sections 10-p thick which were mounted on glass coverslips. The preparations were incubated for 45 min at 37 C in a medium containing 4 ml of 50 mM Tris-maleate, pH 7.0, 1 ml of 0.1 M MgS04, 0.6 ml of 2 % lead nitrate, 0.4 ml of water, and 4 ml of 2.5 mM 5'-AMP as the neutralized potassium salt. Control experiments contained 4 ml of 3'-AMP (2.5 mM), ,&glycerol phosphate (4 mM), or water. The reactions were stopped by placing the sections in 10 % Form01 saline (4 % formaldehyde in 0.9 % saline). After washing with water the preparations were immersed in dilute ammonium sulfide (3 1 ), washed thoroughly with water, mounted on microscope slides with glycerine jelly, and sealed with nail lacquer.
RESULTS
If adenosine is the mediator of autoregulation it might be expected that animals that require large changes in coronary flow would be able to produce proportionately large amounts of the nucleoside.
Thus, animals that effect large and rapid changes in heart load, for example birds, might have higher levels of 5'-nucleotidase than animals such as reptiles that maintain rather constant loads on their hearts. We know of no studies relating coronary flow to rate of oxygen consumption in hearts of these species, however. 5'-Nucleotidase activity in hearts of several species is shown in Fig. 1 . Large differences in enzyme levels were observed among the species examined and were evident whether activity was expressed on the basis of protein or tissue wet weight. Rat heart possessed the highest activity, followed by the dog, mouse, and rabbit.
Homogenates Adenylate deaminase levels in heart homogenates of various species is shown in Fig. 2 . This enzyme was present in all cases except dog hearts. Turtle ventricle contained at least 5 times as much activity as that of the rat, rabbit, or pigeon. Activity in all hearts was much lower than that present in rabbit skeletal muscle, which is presented for comparative purposes. Adenylate kinase activity in ventricular tissue is presented in Fig. 3 . Pigeon ventricle possessed the highest activity of this enzyme followed by rabbit, dog, rat, and turtle. Again, activity levels in all hearts were significantly lower than in rabbit skeletal muscle. The fact that turtle heart possessed low adenylate kinase and high adenylate deaminase may suggest that the heart of this species has a relatively more anaerobic metabolism than mammalian hearts. Pigeon heart possessed high levels of adenylate kinase. Fig. 4B ). 5'-Nucleotidase of human papillary muscle was also found primarily in structures between muscle cells (Fig. 40) . This activity, too, seemed due to a specific 5'-nucleotidase because the control in which 3'-AMP was used (Fig. 4E) contained no lead deposits. In sections of mouse ventricle (Fig. 4F) , the enzyme was also found between muscle cells. Figure 4G , a hematoxylinand eosin-stained section of guinea pig heart, revealed that those structures demonstrating 5'-nucleotidase activity contained nuclei and we conclude that they are endothelial cells of capillaries.
In some instances cell membranes of cardiac cells are clearly visible (Fig. 4& D, and F) and are essentially devoid of lead deposition.
Thus it seems that much of the 5'-nucleotidase of mammalian ventricles appears to be localized in the capillary endothelium.
It In guinea pig ventricle, 5'-nucleotidase was also found in walls of larger blood vessels as well as in capillaries (Fig. 4H) . No lead deposits were observed when pigeon ventricle sections were incubated with 5'-AMP using the present method. Turtle ventricle sections showed evidence of nonspecific phosphatase activity; faint lead deposition occurred whether 5'-AMP, 3'-AMP, or P-glycerol phosphate was used, and the activity was not confined to endothelial cells.
Effect of Divalen t Cations
To ensure absence of endogenous metal ions, enzyme preparations were treated with 10 mM EDTA before dialysis. Such preparations possessed significant 5'-nucleotidase activity in the absence of added divalent cation. Activity was greatly increased by the addition of Mg2+, Ni2f, or Mn2+ (Fig. 5) . Enzyme activity was maximal at concentrations of Mg"f, Mn2+, and Ni2+ of 16, 2, and 1 mM, respectively. Mn2+ caused greater stimulation of enzyme than Mg2+ and was inhibitory at concentrations above 2 mM. The Kn for Mg2+ obtained from a Hofstee plot (velocity vs. (velocity/Mg2+ concentration)) of the data in Fig. 5 was 1 .9 mM. Ca2+ ( 10 mM) had only a slight stimulatory effect and in the presence of Mg 2+ it did not alter enzyme activity. These results are markedly different from those of Edwards and Maguire (12), who have reported that both Mg2+ and Ca2+ inhibited enzyme activity; half maximal inhibition was obtained at Ca2+ and Mg2+ concentrations of 3 and 8 mM, respectively. Previously (4) we found that Ca2+ (7 mM) was inhibitory when the assay was conducted at pH 8.7 in the absence of Mg2+.
Substrate S'eciJicity
Rat ventricular 5'-nucleotidase possessed a broad substrate specificity for nucleoside 5'-monophosphates (Fig. 6 ). This is typical of the enzyme from most sources ( 10). 5'-AMP was not the preferred substrate, 5'-UMP was hydrolyzed more rapidly. The 2'-deoxyribonucleoside 5'-monophosphates were hydrolyzed at about half the rate Properties of Cardiac 5'-Nucleotidase 5'-Nucleotidase is a ubiquitous enzyme and has been studied in a variety of cells and tissues ( 10). Our earlier studies (4) neither p-nitrophenylphosphate nor pyrophosphate was attacked. The broad substrate specificity did not appear to be due to the presence of more than one enzyme. Thus the relative rates of hydrolysis of substrates were similar in the presence and absence of Mg2+ (Fig. 6) . Furthermore, 5'-UMP, a pyrimidine nucleotide, competitively inhibited the dephosphorylation of 5'-AMP, indicating the interaction at the same catalytic site.
A$inity for Substrate
Previously (4) we determined the Knz of the heart enzyme for 5'-AMP to be 18 PM. In the present experiments, the effect of substrate was examined over the range 3.3 ~~-10 mM in the presence and absence of 16 mM MgC12 using the optical assay for velocity measurements with substrate concentrations less than 0.16 mM and the assay based on phosphate liberation for substrate concentrations above this (see METHODS AND MATERIALS).
The Km was calculated from double-reciprocal plots to be 21 PM both in the presence and absence of Mg 2+. Thus, stimulatory action of Mg2f on enzyme activity was due to an increase in V,,,, there being no change in affinity for substrate. The Km value of 21 PM is in good agreement with our previous value of 18 JUM Previously (4)) we showed that cardiac 5'-nucleotidase was markedly inhibited by ATP and suggested that this may have significance in regulating adenosine formation. In the anoxic heart, when ATP levels fall, adenosine formation might increase as a result of removal of inhibitory constraint. More recently, however, it has been shown that ADP is actually a more potent inhibitor than ATP (30). In the presence of 16 mM MgClz, 5'-nucleotidase was inhibited by both ADP and ATP (Fig. 7) . It was unlikely that inhibition was due to chelation of Mg 2+, because the cation was present at concentrations 16 and 32 times that of ATP or ADP, respectively. ADP was the more effective inhibitor; at 2 mM 5'-AMP, inhibition by 0.5 mM ADP was 41 %, whereas that produced by 1.0 mM ATP was 11%. ADP inhibition was also examined when the assay was performed in the absence of Mg 2+. Inhibition in the absence of Mg2f appeared to be of the mixed (competitive-noncompetitive) type as revealed by the Hofstee plot ( 18) (12), who found that nucleoside triphosphates inhibited the cardiac enzyme by altering both the maximum velocity and the Km when assays were performed in the absence of Mg 2+ In contrast, Sullivan and Alpers (30) re-. ported that both ADP and ATP inhibited the enzyme in a manner competitive for substrate; their assays were also performed in the absence of Mg2+. When assays were performed in the presence of Mg2+ (16 mM), ADP produced inhibition in a noncompetitive manner (Fig. 9) . The maximal velocity was decreased 45 % by 33 PM ADP while the affinity for 5'-AMP was not affected. (Fig. 10) . The Ki value for orthophosphate was calculated to be 73 mM.
DISCUSSION
The data from both the direct assays and histochemistry reveal an extremely wide range of 5'-nucleotidase activity in hearts of various species, rat heart being the most active while turtle and pigeon hearts seemed devoid of activity. Thus 5'-nucleotidase activity could be suppressed by high-energy charge when tissue oxygenation is adequate and deinhibited during periods of anoxia when energy charge of the adenylate pool is reduced. However, this possibility is now complicated by the fact that ADP inhibits the enzyme and, in fact, is a more powerful inhibitor than ATP. The immediate product of ATP hydrolysis is ADP and the possibility therefore exists that adenosine formation could actually be inhibited by lowered energy charge. In addition, orthophosphate, which is also a product of adenine nucleotide hydrolysis, inhibits the enzyme. Thus ADP and orthophosphate, which both increase during hypoxia (33), could act to reduce adenosine production in the hypoxic myocardium.
These observations, of course, cast doubt on our proposed regulatory role of ATP (4) and may even be considered to cast doubt on the validity of the adenosine hypothesis.
It must be remembered, though, that in hypoxia 5'-AMP levels increase, that is, ADP is further degraded with formation of substrate for 5'-nucleotidase. It may be that at the site of adenosine formation, 5'-nucleotidase is precisely regulated by a more complex interaction of ATP, ADP, Mg2+, orthophosphate, and substrate. The levels of each of these would be modulated by the availability of oxygen and the concerted action of ATPase, myokinase, as well as 5'-nucleotidase. Another characteristic of 5'-nucleotidase which does not appear to be consistent with the adenosine hypothesis is its broad substrate specificity.
It hydrolyzed a variety of 5'-nucleotides and 5'-AMP was not the preferred substrate. This broad substrate specificity would be a hindrance to adenosine formation during low-energy charge if substrates other than 5'-AMP are being hydrolyzed. However, other nucleoside phosphates are much less abundant in cardiac tissue than adenine nucleotides so that their interference may be minimal. These and other studies indicate the need for a careful examination of adenine nucleotide metabolism in homogeneous populations of specific myocardial cell types, especially cardiac cells and endothelial cells. Perhaps studies of cells in tissue culture or isolation of specific cell types with proteolytic enzymes as described recently by Berry, Friend, and Scheuer (8) may be an appropriate approach.
